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Introduction {#sec1}
============

Cancer immunotherapy has recently evolved into one of the most promising cancer treatment modalities. Although tumor cells hijack the immune system, in particular causing T cell exhaustion, several reports have demonstrated its reversal through immune checkpoint blockade (ICB), i.e., antibodies targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) ([@bib27], [@bib52], [@bib68]). Currently, these have been used as effective immunotherapeutic drugs. Specifically, ICB therapy has demonstrated improved overall survival (OS) and progression-free survival (PFS) in the treatment of many different tumor types, such as melanoma ([@bib45]), non-small-cell lung cancer (NSCLC) ([@bib5]), head and neck cancer ([@bib17]), and other cancers, due to the durable antitumor CD8^+^ cytotoxic T lymphocytes (CTLs). In addition, ICB-therapy-induced recruitment of T cells in the tumor increases in hot tumors, but not in cold tumors ([@bib65], [@bib63]). Despite its successful clinical activity, still limited patients received the clinical benefits, for which many studies have addressed the factors related to ICB sensitivity and resistance.

The interplay between PD-1 and PD-L1 regulates T cells in the tumor microenvironment (TME). PD-1 expression is upregulated in activated T cells and remains high in exhausted T cells from tumor-infiltrating lymphocytes ([@bib1]). Constitutive PD-L1 expression caused by aberrant transactivation due to genetic or signaling alteration in an intrinsic manner defines the innate resistance. After exposure to IFN-γ released by effector T cells, PD-L1 and other inhibitory molecules were induced at the transcription level and triggers the adaptive resistance ([@bib61]). Clinically, PD-L1 expression on tumors or immune cells in the tumor microenvironment is associated with durable clinical responses to anti-PD-1/PD-L1 therapies in many tumor types ([@bib62], [@bib26]). However, the significance of PD-L1 expression in each cell type is controversial. PD-L1 expression on tumors or immune cells can independently attenuate antitumor T cell immunity. PD-1^+^ T cells in the tumor are impaired due to interactions with PD-L1 expressed on either tumor cells ([@bib29]) or other tumor-infiltrating immune cells (e.g., myeloid cells or TAM) ([@bib36], [@bib59]) in the TME. Furthermore, immune checkpoint knockout mice or wild-type (WT) mice treated with anti-PD-1 antibodies (Abs) suppressed tumor cells, indicating that the anti-PD-1 Ab has an antitumor effect on both PD-L1-expressing host tumor-associated macrophages (TAM) and tumor cells ([@bib32], [@bib36]). Recently, the functional importance of immune cells relative to the tumor has been reported in the regulation of the antitumor T cell response in NSCLC patients ([@bib33]), but its importance on the tumor still has to be evaluated. Furthermore, despite low PD-L1 expression on tumor, recent several reports demonstrated that some patients respond well to PD-1 pathway blockade ([@bib5], [@bib72], [@bib43], [@bib15]), indicating that the relation of PD-L1 expression and ICB sensitivity partly depends on pathological conditions, thus ascribing PD-L1 expression to innate or acquired resistance. To elucidate the underlying mechanisms of these phenomena, CTL responses in the presence or absence of ICB treatment, with focus on PD-L1 expression on tumor cells should be compared.

The underlying genomic features of tumor cells contribute to ICB responses, and increased tumor mutation burden has been shown to be associated with survival benefits from both anti-CTLA-4 and anti-PD-1 therapy in multiple malignancies ([@bib53], [@bib34], [@bib44], [@bib28]). High mutation burden was frequently diagnosed in mutagen-associated cancers, such as melanoma and NSCLC as well as cancers associated with DNA-mismatch repair gene defects, such as microsatellite instability in colorectal cancers ([@bib51], [@bib42]). These high mutation burden tumors potentially generate immunogenic neoantigens. In fact, tumors with clonal neoantigens may significantly elicit effective immune responses ([@bib37]), and peptides containing these mutations presented on MHC class I (MHC-I) can be recognized as "non-self" by T cells. For this purpose, neoantigens in high mutation burden tumors can be identified by whole-exome sequence and RNA sequence (RNA-Seq), and accompanying bioinformatics approaches can predict specific neoepitopes in individual cancers using MHC-I-binding algorithms and immunogenomics methods ([@bib8], [@bib30]). Furthermore, ICB immunotherapy has sometimes been found to be effective even in cancer with a low number of mutations but containing some indels, such as renal cell carcinoma, indicating that the number of mutations present in tumors does not solely determine ICB responsiveness ([@bib66], [@bib38], [@bib71]). Based on these reports, there are many possible implications regarding ICB sensitive and resistant cases, particularly their PD-L1 expressions and potential neoantigen responses under ICB therapy. Nonetheless, comprehensive analyses are yet to be performed.

Development of a therapeutic strategy for ICB-resistant cancers is an important issue. Of which, dendritic cell (DC) vaccine was identified as a candidate, which plays a central role in linking innate and adaptive immune system responses ([@bib19], [@bib20], [@bib55], [@bib4], [@bib21]). *Ex vivo*-expanded DCs pulsed with MHC-I-restricted cancer testis antigen peptides ([@bib2]) and DCs electroporated with transfected mRNA coding tumor antigen ([@bib3]) and tumor lysates or irradiated tumor cells ([@bib18], [@bib46], [@bib60]) have been demonstrated in many basic and clinical studies ([@bib56], [@bib49]). It is noteworthy that utilizing neoantigens, several reports applied DC vaccines in clinical study and showed that neoantigen-pulsed DC can induce tumor regression through neoantigen-specific T cell responses in refractory solid tumors such as melanoma ([@bib7], [@bib9]).

Regarding PD-L1 expression in ICB treatment, PD-L1-mediated immune suppression by IFN-γ-induced adaptive resistance in T cell infiltrating hot tumors has been described ([@bib54], [@bib65], [@bib69]). In contrast, the mechanism of PD-L1-mediated immune suppression by the tumor in a cell intrinsic manner, i.e., innate resistance, and its reversal by ICB therapy remain to be fully resolved. Furthermore, little is known about whether PD-L1 expression on tumors controls T cell immunity against neoantigens, which can partly determine the ICB response. Therefore, in the current study, we used several models---PD-L1-expressing or PD-L1-deleted tumor cells, with or without ICB (anti-PD-1 Ab and anti-CTLA-4 Ab) therapy---to explore how PD-L1 expression on tumor cells leads to innate resistance to ICB therapy and also elucidated potential mechanism of PD-L1-deleted tumor responses in ICB therapy. Further, we demonstrated the availability of our identified neoantigens-based DC therapy to compensate for ICB resistance, resulting in the generation of neoantigens responding T cell immunity as well as enhanced pre-existing immunity. Therefore, DCs vaccination has potential application for resistant tumors.

Results {#sec2}
=======

TCGA Analysis Indicates the Association between PD-L1 and Survival in Cancer Patients {#sec2.1}
-------------------------------------------------------------------------------------

PD-L1 expression in tumor sites is generally known to be associated with overall survival but differs in patients and their contexts. To clarify the variable association of PD-L1 expression and overall survival, we first analyzed all study cohorts in publicly available TCGA database (The Cancer Genome Atlas; [@bib6]). PD-L1 expression in some cancers were related to better prognosis but varied among study ([Figure 1](#fig1){ref-type="fig"}A). Because the cytolytic score (CYT), that is, the level of granzyme A and perforin, was previously reported to be mainly associated with antitumor immunological effects ([@bib47], [@bib48]), we sub-grouped based on PD-L1 expression, CYT score, and estimated survival. We found that PD-L1 low expression on hot tumors (CYT high) remarkably correlated with better prognosis, than the other three groups---PD-L1 low expression on the cold tumor (CYT low) or PD-L1 high expression---in colorectal adenocarcinoma (COAD) and uterine corpus endometrial carcinoma (UCEC) ([Figure 1](#fig1){ref-type="fig"}B). Some other cancers (breast invasive carcinoma \[BRCA\], cervical squamous cell carcinoma \[CESC\], diffuse large B cell lymphoma \[DLBC\], acute myeloid leukemia \[LAML\], liver hepatocellular carcinoma \[LIHC\], and sarcoma \[SARC\]), but not all, also show similar tendencies ([Figure S1](#mmc1){ref-type="supplementary-material"}). In addition to previous observations of survival in patients with high microsatellite instability (MSI) ([@bib25], [@bib34]), a group of cancer patients with low PD-L1 expression and high MSI were also associated with better prognosis in these COAD and UCEC studies ([Figure 1](#fig1){ref-type="fig"}C). Thus, our results indicated that low PD-L1 expression with strong antitumor immunity or with potential mutation load is related to survival benefits in patients with certain tumors.Figure 1The Association between PD-L1 Expression in Tumor Tissue and Survival(A) Forest plot of hazard ratios and 95% confidence intervals associated with PD-L1 expression. PD-L1 low expression groups in each study were referenced. NA, not analyzed due to low hazard ratios.(B and C) Analysis of the association between PD-L1 expression and patient survival across TCGA colon cancer (left) and uterine corpus endometrial carcinoma (right). (B) Kaplan-Meier survival curves (time is measured on the x axis) of patients with high versus low CYT score. Log rank statistics: COAD, p = 0.019; UCEC, p = 0.0054. (C) Kaplan-Meier survival curves of patients with high versus low MSI. Data were analyzed by log rank statistics: COAD, p = 0.14; UCEC, p = 0.22.

Anti-tumor CTL Responses in PD-L1^+^ or PD-L1-KO Tumors {#sec2.2}
-------------------------------------------------------

In accordance with clinical observation, several murine tumors have been characterized, including B16 melanoma showing low PD-L1 expression and low immunogenicity with low T cell infiltration (known as a cold tumor type) and a murine colorectal MC38 expressing high PD-L1 and high immunogenicity with high T cell infiltration (known as a hot tumor type). In this study, MC38, which is known to be highly immunogenic and relatively responds to ICB treatment, was used to compare PD-L1 expression and T cell responses in ICB therapy([@bib70], [@bib58]). To examine an effect of PD-L1 of tumor cells on the antitumor immunity, we first generated genetically PD-L1-deleted tumors (hereafter MC38-PD-L1-KO cells) by plasmid transfection-based transient CRISPR-Cas9 expression in the MC38 cell line. MC38-PD-L1-KO cells expressed MHC-I, but not PD-L1 ([Figure S2](#mmc1){ref-type="supplementary-material"}A). We then examined the tumor proliferation activity *in vitro* and *in vivo*. There was no difference in the proliferation of tumor cells between MC38 and MC38-PD-L1-KO in an *in vitro* culture ([Figure 2](#fig2){ref-type="fig"}A). Subsequently, we compared tumor growth after a subcutaneous injection of MC38 and MC38-PD-L1-KO and found that tumor growth of MC38-PD-L1-KO was more slowly progressive than MC38 in WT mice, but not in Rag1^−/−^ mice ([Figure 2](#fig2){ref-type="fig"}B), indicating T cell dependence. We also established the PD-L1-deficient murine breast cancer cell line, E0771, and confirmed similar phenomena ([Figure S2](#mmc1){ref-type="supplementary-material"}B), but were not found with B16F10, probably due to the cold tumor type ([Figure S2](#mmc1){ref-type="supplementary-material"}C). These imply that PD-L1 expression and tumor antigen presentation in tumor cells directly dampened the T-cell-dependent tumor suppression. Further, anti-PD-1 Ab treatment alone showed an antitumor effect by reactivating T cells in the tumor, although somewhat insufficient ([Figure S2](#mmc1){ref-type="supplementary-material"}D). The combination of anti-PD-1 Ab plus anti-CTLA-4 Ab has been shown to be more promising for effective CTL generation ([@bib27], [@bib52], [@bib68]). To understand the relationship between CTL induction and PD-L1 expression on tumors, we evaluated the combined ICB treatment (anti-PD-1 Ab plus anti-CTLA-4 Ab) against MC38 or MC38-PD-L1-KO tumor cells *in vivo*. The tumor regression was more effective in ICB-treated MC38-PD-L1-KO tumor-cell-bearing mice than ICB-treated MC38 tumor-bearing mice or non-treated MC38-PD-L1-KO tumor-cell-bearing mice ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Enhanced Immune Responses of CTLs from PD-L1-KO Tumor(A) Proliferating activity of MC38 or MC38-PD-L1-KO cells *in vitro* by WST-1 assay. Data are pooled from three independent experiments, and the values represent mean ± SD.(B) C57BL/6J (left) or Rag1^−/−^ (right) mice were injected with 5 × 10^5^ MC38 or MC38-PD-L1-KO cells, subcutaneously (s.c.). Tumor growth was monitored at indicated time points by measuring three perpendicular diameters. MC38 or MC38-PD-L1-KO in C57BL/6J mice n = 20 and 21/group, respectively, in Rag1^−/−^ mice, n = 6/group. Data are pooled from four and two independent experiments, and the values represent mean ± SEM.(C) C57BL/6J mice were injected with 5 x 10^5^ MC38 cells or MC38-PD-L1-KO cells s.c. and then treated with anti-PD-1 and anti-CTLA-4 on day 7, 10, and 13. Tumor growth was monitored at indicated time points by measuring three perpendicular diameters. (n = 17/group). Data are pooled from six independent experiments, and the values represent mean ± SEM.(D) The frequency of immune cells in tumor sites was analyzed at day 15 after tumor inoculation by flow cytometric analysis. The values represent mean ± SD (n = 4/group). Closed and open bar indicated MC38 and MC38-PD-L1-KO tumor-bearing mice, respectively; ns indicates not significant.(E) Tumor antigen-specific T cell response in ICB-treated MC38 or MC38-PD-L1-KO tumor-bearing mice. Frequency of MutAdpgk tetramer^+^ in CD8^+^ T cells was plotted. Data are pooled from four independent experiments; n = 10/group. Data were analyzed by unpaired Student\'s t test, ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

Due to the enhanced antitumor effect in MC38-PD-L1-KO mice, we hypothesized two possibilities: (1) the balance of immune responses was altered in MC38-PD-L1-KO and (2) T cells responded to neoantigens that were more expressed in MC38-PD-L1-KO. As such, we analyzed the immune responses two weeks later in MC38 or MC38-PD-L1-KO mice when no difference in tumor size was observed. As shown in [Figure 2](#fig2){ref-type="fig"}D, there was no statistical difference in the frequency of various types of immune cells including T and natural killer (NK) cells. Next, we assessed the CTL function. As shown in [Figure 2](#fig2){ref-type="fig"}C, growth of MC38-PD-L1-KO cells in ICB-treated mice progressed slowly and retarded two weeks after subcutaneous tumor inoculation. Therefore, we analyzed the T cell response for the previously identified H2-D^b^ restricted antigen, mutant (Mut) Adpgk, and H2-K^b^ restricted antigen, p15E, on day 15. In ICB-treated MC38-PD-L1-KO bearing mice, we detected the apparent MutAdpgk-specific CD8^+^ T cell infiltration in the tumor ([Figure 2](#fig2){ref-type="fig"}E). We also assessed their functions using exhaustion/activation markers and found the differential presence of PD-1^+^Tim-3^+^ or PD-1^+^CD69^+^ responsive CD8^+^ T cells in MC38-KO tumor compared with MC38 WT tumor ([Figure S3](#mmc1){ref-type="supplementary-material"}). Moreover, CD8^+^ T cells in the spleen and lymph nodes of these mice responded well to p15E and MutAdpgk antigens ([Figure S4](#mmc1){ref-type="supplementary-material"}). Thus, the ICB-treated mice injected with MC38-PD-L1-KO enhanced the apparent antigen-specific T cell response.

Screening of H2-K^b^-Restricted Neoantigens by Exome and Transcriptome Analyses {#sec2.3}
-------------------------------------------------------------------------------

MutAdpgk was previously reported as a type of neoantigen, expressed on H2-D^b^ of MC38 ([@bib70]). We speculated that neoepitopes on other MHCs could be identified, and thus a mixture of antigens, composed of different MHC-restricted neoantigens, would be more efficient as vaccines. Therefore, we conducted exome and transcriptome sequences of MC38 and MC38-PD-L1-KO tumor tissues to identify tumor-specific point mutations with amino acid substitutions, including stop gain, frameshift, and missense mutations ([Figure 3](#fig3){ref-type="fig"}A). Further, putative neoepitopes were found to be randomly distributed throughout the genome. First, to identify single-nucleotide variants (SNVs), data derived from the exome and RNA sequences obtained from MC38 or MC38-PD-L1-KO were compared with normal mouse blood ([Figure S5](#mmc1){ref-type="supplementary-material"}A). As a result, 7,683 and 6,876 coding variants with almost similar mutation signature were identified by exome sequencing ([Figure S5](#mmc1){ref-type="supplementary-material"}B), and subsequently 826 and 775 by RNA-seq, which overlapped with the exome-based variants, in MC38 and MC38-PD-L1-KO, respectively. Among these, 808 and 755 missense mutations were found in MC38 and MC38-KO, respectively. Common major mutated epitopes in MC38 and MC38-PD-L1-KO were observed to harbor 645 potential epitopes that might be stable or universal ([Figure 3](#fig3){ref-type="fig"}B). By contrast, mutated epitopes in MC38 alone or MC38-PD-L1-KO alone were 163 and 110, respectively ([Figure 3](#fig3){ref-type="fig"}B). Nevertheless, the rates of mutation detected in both transcriptome and exome analyses were similar: 826/7683 = 0.107 (WT) and 755/6876 = 0.113 (PD-L1-KO). Although some mutations disappeared and other novel mutations possibly appeared in PD-L1-KO tumor probably due to immunoediting or clonal evolution in a broad sense, majority of the missense mutations was shared. Therefore, we hypothesized that common CTL responses against parental tumors may be present in PD-L1-KO tumor-bearing mice, by which augmented CTL responses enable high sensitive screening of tumor-specific response as shown in [Figures 2](#fig2){ref-type="fig"}E and [S4](#mmc1){ref-type="supplementary-material"}.Figure 3Neoantigen Screening from PD-L1-KO Tumors(A) Circos plot showing the detected mutations in the MC38 tumor. Tumor tissues were sampled at day 15 after tumor inoculation. Mutations of MC38 were identified by whole-exome sequence and RNA sequencing (RNA-Seq). FPKM value and MHC-I affinity values were also plotted.(B) Venn diagram of identified missense mutations between MC38 WT and PD-L1-KO tumors. Reactive peptide sequences and their IC50 values as calculated by NetMHCpan ver3.0. H2-K^b^-restricted peptides for MC38 neoantigen candidates were synthesized and prepared.(C) Experimental scheme of neoantigen candidate screening. MC38-PD-L1-KO tumor-bearing mice were treated with anti-PD-1 and anti-CTLA-4 on day 7, 10, and 13. Fifteen days after tumor inoculation, CD8 T cells were purified from pooled splenocytes and the tumor draining lymph node (4 mice per experiment) and cocultured with 30 Gy-irradiated splenocytes in the presence or absence of 10 μg/mL neoantigen candidate peptides for 72 h.(D) Upper, culture supernatants were measured for IFN-γ production by ELISA. Data are pooled from five independent experiments. Lower, character of neoantigen peptides.

High Immunogenic Neoantigens Identified by Immunome Analyses {#sec2.4}
------------------------------------------------------------

SNVs were analyzed for their potential to generate MHC-I-restricted epitopes of the murine H2-K^b^ alleles using the NetMHCpan algorithm. We selected neoantigen candidates presented on H2-K^b^ (predicted IC50 \< 200, rank \<1) from common missense mutations in both WT and PD-L1-KO tumors using the NetMHCpan (ver 3.0) algorithm ([@bib39]). Overall, 49 peptides derived from abundant transcripts were more likely to be presented on MHC-I of MC38 cells. Next, we evaluated the immunogenicity of mutated tumor antigens *in vivo*. By utilizing PD-L1-KO tumors, one week after tumor inoculation, the tumor-bearing mice were treated three times with ICB combination therapy. CD8^+^ T cells from the spleen and lymph nodes were harvested and stimulated with or without 49 types of epitope candidate peptides for 72 h. IFN-γ production as an indicator of CD8^+^ T cell responses was measured ([Figure 3](#fig3){ref-type="fig"}C). With this screening, significant IFN-γ production was shown by culturing in the presence of \#1 (Zbtb40 R768P), \#36 (Dpagt1 V213L), and \#42 (Cry1 V416L) ([Figure 3](#fig3){ref-type="fig"}D).

To examine whether these three predicted peptides could elicit CD8^+^ T cell responses, we administered each peptide to WT mice together with anti-CD40 Ab plus poly(I:C). We demonstrated that CD8^+^ T cells specific for MutZbtb40, MutDpagt1, and MutCry1 antigens, respectively, produced IFN-γ, TNF-α, and IL-2 ([Figure 4](#fig4){ref-type="fig"}Ai) and expressed CD137^+^PD1^+^ CD8^+^ T cells in an antigen-specific manner ([Figure 4](#fig4){ref-type="fig"}Aii). We also demonstrated that antigen-specific CD8^+^ T cells responded to MutZbtb40 or MutDpagt1 neoantigen by multimer staining ([Figure 4](#fig4){ref-type="fig"}Bi, ii) and ELISA or ELISPOT assay ([Figure 4](#fig4){ref-type="fig"}C), but they did not respond to the non-mutated original antigen. Thus, through a computational approach and analysis of their immunogenic antigen-specific properties and biological analyses, these three predicted neoantigen peptides were determined to be immunogenic in the context of MC38 tumors.Figure 4Bioactive Neoantigen EpitopesAnalysis of neoantigen-specific T cells in vaccinated mice. C57BL/6J mice were administered intravenously (i.v.) with neoantigen peptide (Zbtb40, Dpagt1, and Cry1) together with poly(I:C) and anti-CD40 Ab.(A) One week later, neoantigen-specific T cell activation in these mice was assessed by intracellular staining for IFN-γ and TNF-α production (i) and upregulation of PD-1 and CD137 (ii) after culturing with or without each peptide for 6 h (i) or 24 h (ii).(B) As shown in (A), neoantigen-specific T cell proliferating responses in these mice were assessed by multimer-APC, CD8a-FITC, and TCR-β-PE. Representative flow cytometry analysis (i) and each value was plotted (ii).(C) Neoantigen-specific T cell response was quantified. Whole splenocytes (ELISA) or isolated CD8^+^ T cells (ELISPOT) from mice given each neoantigen were cultured with each neoantigen peptide or non-mutated relevant peptide for 24 h and assessed for IFN-γ production. Data are pooled from two independent experiments, and the values represent mean ± SD. Circles and dot lines link respective mice.

Vaccination with Neoantigen-Peptide-pulsed DCs Demonstrates Tumor Protection {#sec2.5}
----------------------------------------------------------------------------

Different from self-antigen-derived, conventional tumor antigens, neoantigens are specific and powerful. Because DCs are known as the most powerful antigen-presenting cells (APCs) for priming T cells in murine and humans, *ex vivo*-expanded DCs are of interest. We initially assessed the antitumor effect using neoantigen-pulsed DC therapy in prophylactic models. To determine if CD8^+^ T cells induced against neoepitopes could provide protective anti-tumor immunity, C57BL/6J mice were administered with the mutated peptide (Zbtb40, Dpagt1, and Cry1)-pulsed DCs and then subsequently challenged with 1 × 10^5^ MC38 tumor cells ([Figure 5](#fig5){ref-type="fig"}A). Tumor growth was inhibited in most animals in each neoantigen-pulsed DC vaccine group ([Figure 5](#fig5){ref-type="fig"}A). This protection in mice immunized with MutCry1-peptide-pulsed DCs was absent in anti-CD8 Ab-treated mice, but not anti-CD4 Ab-treated mice, strongly supporting that CD8^+^ T cell responses specific to mutated peptides conferred protection ([Figure 5](#fig5){ref-type="fig"}B).Figure 5Demonstration of Antitumor Response by Neoantigen-Pulsed DCs Therapy(A) Immunogenicity of neoantigen *in vivo* using prophylactic tumor model. Bone-marrow-derived dendritic cells (BM-DCs) were generated as previously reported. Each peptide-pulsed BM-DC (1×10^6^/mouse) was intravenously injected twice to WT mice at day 14 and 7. Immunized mice were challenged with 1 × 10^5^ MC38 tumor cells s.c. Tumor growth was monitored at indicated time points (mean ± SEM, n = 8/group).(B) MutCry1-peptide-pulsed DCs (1 × 10^6^/mouse) were administered to WT mice. Vaccinated mice were challenged with 1 × 10^5^ MC38 tumor cells. In some experiments, mice were treated with anti-CD4 Ab or anti-CD8 Ab 2 days before tumor injection and repeatedly during tumor monitoring. Tumor growth was monitored at indicated time points (mean ± SEM, n = 7/group). Data are pooled from two independent experiments and analyzed by one-way ANOVA followed by Turkey\'s multiple comparison test. ∗∗p \< 0.001, ∗∗∗p \< 0.001.

Next, we evaluated the therapeutic potential of each single peptide by comparing mixed neoantigens in the antitumor-specific T cell response. For this study, the treatment with a single neoantigen-pulsed DCs was followed by peptide with anti-CD40 Ab and Poly(I:C), which induces robust T cell responses ([@bib40]). We monitored the number of tumor-bearing mice that did not exceed 400 mm^3^ of tumor size until day 25 and found that 40% of mice (i.e., 5/13, 6/13, and 7/13) treated with each of the neoantigen-pulsed DCs had smaller tumors on day 25 ([Figure 6](#fig6){ref-type="fig"}A). In addition, vaccinated mice with mixed peptide (Z + D + C)-pulsed DCs showed a greater antitumor effect, similar to MutAdpgk ([Figure 6](#fig6){ref-type="fig"}A). Thus, vaccination with neoantigens showed remarkable and sustainable inhibition of tumor growth. In addition, we found that the frequency of the three mixed-peptide-reactive CD8^+^ T cells that were capable of producing IFN-γ (left), IFN-γ/TNF-α (middle), or IL-2/IFN-γ/TNF-α (right) were increased at the tumor site ([Figures 6](#fig6){ref-type="fig"}B, 6C, [S6](#mmc1){ref-type="supplementary-material"}A, and S6B). On the other hand, we detected the slight levels of MutAdpgk-specific IFN-γ-/TNF-α-producing T cells ([Figures 6](#fig6){ref-type="fig"}B and 6C). Thus, we observed an enhancement of the multifunctional CD8^+^ T cell response to three peptides in mice vaccinated with three neoantigen-peptide DCs. In addition, the CD8^+^ T cell response against MutAdpgk was generated in mice vaccinated with MutAdpgk-peptide DCs to a similar extent as with three peptide-pulsed DCs. These suggest that neoantigen-responding T cells by vaccination with peptide-pulsed DCs are multifunctional in an antigen-specific manner and imply that even when with neoantigens of low antigenicity, the mixed-peptide-pulsed DC therapy would be useful.Figure 6Comparison of Therapeutic Effect by Single Epitope or Multiple Epitopes of Neoantigen(A) Tumor therapeutic model. C57BL/6J mice were s.c. injected with MC38 tumor cells and treated with neoantigen single-peptide- or multipeptide-pulsed DCs at a week later and again with the relevant peptide together with poly(I:C) and anti-CD40 Ab. Tumor growth was monitored at indicated time points. Tumor growth curve in each group of mice was plotted. As shown by the red line, tumor volume \<400 mm^3^ at day 25 was consider as a partial response. Data are pooled from five independent experiments (n = 11--13).(B and C) Analysis of TIL in mice treated with multipeptides of neoantigens. TILs were stimulated by peptides in the presence of anti-CD28 and brefeldin. (B) The percentages of IFN-γ single-producing T cells (left), IFN-γ^+^TNF-α^+^-producing T cells (middle), and IFN-γ^+^TNF-α^+^IL-2^+^-producing T cells (right) were plotted. Data are pooled from three independent experiments (n = 6). (C) Representative flow cytometry analysis of CD8^+^ TILs shows IFN-γ and TNF-α.(D) Therapeutic effect by neoantigen-pulsed DCs. MC38 cells were administered s.c. One week later, these mice were treated with neoantigen-pulsed DCs twice at 1-week intervals. Anti-PD-1 Ab was injected intraperitoneally (i.p.) at day 7, 10, and 13 (n = 10 and 11/group). Data are pooled from four independent experiments, and the values represent mean ± SEM. Data were analyzed by one-way ANOVA followed by Turkey\'s multiple comparison test. ∗p \< 0.05.

Apparently, these are immunodominant neoepitopes. Further, these results show that CD8^+^ T cell responses are generated by vaccination with peptide-pulsed DCs against neoepitopes in MC38 tumors. To evaluate the immunotherapy using neoantigen-pulsed DC, we examined the antitumor therapeutic effect using mixed neoantigen peptides, including one Adpgk H2-D^b^- and three H2-K^b^-restricted-peptide-pulsed (Z + D + C) DCs in MC38 tumor-bearing mice. As shown in [Figure 6](#fig6){ref-type="fig"}D, there was an extensive therapeutic effect. When we examined whether neoantigen-pulsed DCs and ICB therapy could synergistically inhibit tumor growth, we found that antitumor immunity induced by neoantigen-pulsed DCs was at a sufficient level, such that an additional effect by the anti-PD-1 Ab could not augment the response further ([Figure 6](#fig6){ref-type="fig"}D). In its therapeutic effect, single-agent anti-PD-1 Ab caused around 43% tumor reduction at day 25 ([Figure S2](#mmc1){ref-type="supplementary-material"}D). In contrast, DC/Pep mix yielded 58% tumor reduction compared with WT tumors. Therefore, instead of ICB treatment, vaccination with DCs pulsed with neoepitope peptides generated sufficient T cell immunity to inhibit established tumors.

Neoantigen-Reactive TCR Recognizes Parental MC38 Tumor Cells {#sec2.6}
------------------------------------------------------------

Because we showed that mutation-specific peptide selected by biological assay induced tumor-reactive T cells, we next attempted to identify the T cell receptor (TCR) repertoire of antigen-specific T cell clones that could be elicited by each neoantigen. A detailed analysis of the phenotypes of these T cell clonotypes and the biophysical properties of the TCR may shed light on the extent, depth, and requirements for efficient T cell responses against tumors. We isolated neoantigen-reactive T cells by FACS sorting of the CD8^+^multimer^+^ CTL reactive for MutDpagt1 or CD8^+^PD-1^+^CD137^+^ T cells reactive for MutCry1 ([Figure S7](#mmc1){ref-type="supplementary-material"}A, left). We cloned each TCRα and TCRβ sequence into a retroviral vector (pMXs), followed by transfection into the TG40 cell line ([Figure S7](#mmc1){ref-type="supplementary-material"}A, right). The top five sequences of repertoire analysis were selected, and orange- and green-colored ones were subcloned into the expression vector ([Figure S7](#mmc1){ref-type="supplementary-material"}B). To verify that the sequences of the α and β chain were indeed candidates for neoantigen-reactive TCRα and β, we cocultured the TCR-gene-modified TG40 cells with peptide-pulsed EL4. As shown in [Figures S7](#mmc1){ref-type="supplementary-material"}C and S7D, we found one combination of TCRα and TCRβ in MutDpagt1, whereas two combinations of TCRα and TCRβ were found in MutCry1 for CD69 upregulation, suggesting that they are unique and clonal TCRs. Because TCRs shared the conserved CDR3 sequences for recognizing the same MHC-I epitopes, clustering TCRs based on sequence motif enables epitope-specific recognition and diversity. We parsed randomly extracted repertoire sequences by TCRdist ([@bib12]) for TCRB clustering. We observed the homology-based hierarchy and found that neoantigen reactive TCRs occurred in groups (red triangle) and these cluster-relevant newly established sequences in CDR3 during VDJ recombination (framed red; [Figure 7](#fig7){ref-type="fig"}A). These new motifs were shown to frequently interact with MHC-I epitopes by crystal structure analysis. Therefore, to confirm that these neoantigens could induce specific responses, we synthesized mutated di-amino acids sequences, AlaAla, into the CDR3 region. As expected, AlaAla mutation-harboring TCRs drastically lost their reactivity to neoantigens. Moreover, we performed mutant and WT peptide titration assays ([Figure S8](#mmc1){ref-type="supplementary-material"}) and confirmed strong specificity of the neoantigen mutation for TCR8 and TCR10, which was weak for TCR36 ([Figures 7](#fig7){ref-type="fig"}B, 7C, and [S8](#mmc1){ref-type="supplementary-material"}). We observed a slight, but apparent, specificity of TCR36 (for Dpagt1) and TCR8 and 10 (for Cry1) by a mutant and WT peptide titration. These suggested that several clonotypes could be generated from the same mutated specific peptide (Cry1 peptide).Figure 7Primary T Cell Expressing Neoantigen-Specific TCR Recognizes Tumor(A) TCRdist analysis of TCRB repertoire sequences showing the tree diagram of TCRB CDR3 homology. Clonality was not reflected. Red arrows indicate neoantigen peptide reactive CDR3 sequence. As a negative control, rearranged CDR3-derived di-amino acids (red rectangle) were mutated into AlaAla.(B and C) TCRαβ derived from CTL responding to Dpagt1pep included TCR36, and TCRαβ derived from CTL responding to Cry1pep is termed as TCR8 and TCR10. Reactive TCRα and β chains were selected, and they were tandemly linked with Furin-SGSG-P2A sequence and cloned into pMXs-IRES-GFP. Selected combination of TCRα and TCRβ were transfected to TG40 CD8A/B (TCR36, B; TCR8, TCR10, C). These TG40 cells were cocultured with each peptide-pulsed EL4 for 24 h. The percentage of CD69 upregulation by TCR36 or TCR8 and TCR10 and their AA mutation transduction in GFP^+^ cells for MutDapgt1 peptide or MutCry1 peptide is shown. Data were pooled from six or three independent experiments, and the values represent mean ± SD. Each black circle shows independent values.(D) TCR36-transduced or TCR8- and TCR10-transduced GFP^+^CD8^+^ T cells were cocultured with MC38 in the presence or absence of neoantigens peptide for 48 h. Subsequently, supernatants were measured for IFN-γ by ELISA. Data were pooled from seven to ten independent experiments, and the values represent mean ± SD. Data were analyzed by unpaired Student\'s t test, ∗p \< 0.05, ∗∗p \< 0.01.

Finally, we examined whether antigen-specific TCRα and β chain-bearing T cells could respond to each peptide antigen and parental MC38 tumor cells. In primary T cells transduced with TCRα and TCRβ gene, even without neoantigens peptides, TCRs reacted with MC38 and produced IFN-γ ([Figure 7](#fig7){ref-type="fig"}D). Regarding the tumor response, not only TCR36 but also TCR8 and TCR10 could respond to MC38. Thus, tumor neoantigen-specific T cell clones exhibited antigen-specific responses against MC38.

Discussion {#sec3}
==========

The TME is associated with response to ICB therapy. Particularly, PD-L1 expression, the frequency of CD8^+^ T cell infiltration, and the mutation burden in tumors correlate well with the likelihood of response during or after ICB therapy. However, the biological relevance of each of these factors has to be clarified for effective ICB usages. In this study, we showed that the difference between resistance and sensitivity of ICB tumors depended on the responsiveness of T cells to neoantigens as a key T cell response in tumor sites. Particularly, we demonstrated the relationship between PD-L1 expression on tumors and the sensitivity to ICB therapy by comparing ICB-treated MC38-PD-L1-KO (non-innate resistant type) and parental MC38 (innate resistant type). In fact, when tumors express PD-L1, even if they have the potential to generate an antitumor T cell response by ICB therapy, these T cells are weak, resulting in faster tumor growth. In contrast, when tumors lack PD-L1, the antitumor T cell immunity against neoantigens can be significantly elicited by ICB, resulting in slowed growth of the tumor.

A tumor-intrinsic role of PD-L1 is to promote cancer initiation toward CSC metastasis, progression, and resistance to therapy ([@bib14], [@bib16]). In *in vitro* studies, disruption of intrinsic PD-L1 by CRISPR/Cas9 technique led to suppression of progressive cancer cells, inhibition of spheroid formation of osteosarcoma, and increased anticancer drug sensitivities to doxorubicin and paclitaxel ([@bib35]). PD-L1 transactivation pathway is likely abnormal in many cancers. In intrinsic mechanisms underlying aberrant PD-L1 activation, genomic alterations (i.e., copy number amplification of CD274 residues ([@bib6], [@bib57], [@bib24]) and 3′-UTR disruption ([@bib50], [@bib31])), constitutive oncogenic signaling activation (via PI3K/AKT or RAS/MAPK ([@bib11], [@bib10])), and epigenetic changes (e.g., expression of microRNA 197 during PD-L1 inhibition in lung cancer and aberrant DNA methylation ([@bib22], [@bib13])) have been described. Whereas, as extrinsic factors, IFN-γ ([@bib23]) and other inflammatory cytokines (e.g., IL-17 and TNF-α) ([@bib67]) and HIF-1α ([@bib41]) can activate PD-L1. Hence, what determines the low PD-L1 expression in highly immunogenic TME, which presumably drives best clinical benefits from ICB therapy, needs to be investigated in the future studies.

Effective antitumor vaccines using neoantigens are often the most immunogenic. In the current study, we identified novel three neoantigens on MC38 in an H2-K^b^-restricted manner and showed the potential utility of a neoantigen-mixed peptides-pulsed DC vaccine beyond the PD-L1-restricted mechanism. DCs are essential in immunity owing to their role in activating T cells, thereby promoting antitumor responses. Compared with the clinical success of *ex vivo* DC therapy based on conventional tumor antigens, neoantigen-pulsed DCs have been anticipated for showing potent efficacy ([@bib7], [@bib9]). In fact, in this study, we exhibited the efficacy of four types of neoantigen-responding T cells infiltrating in the tumor in mice treated with four neoantigen-peptide-pulsed DCs. Moreover, we demonstrated that neoantigen-specific T cells in TME by DC vaccination possess multifunctionality and an antitumor effect similar to ICB therapy. It is known that anti-CTLA-4 Ab acts through APCs, particularly on DCs, leading to CTL generation, whereas anti-PD-1 Ab therapy can reactivate an impaired CTL. Effectiveness of ICB therapy must depend on DC function. Further, neoantigen-pulsed DC vaccines improved T cell responses in tumors, at levels similar to those by ICB therapy. These support 10.13039/100014543ICB sensitivity dependences on CD8^+^ T cell responses specific to "multiple" neoantigens, conferring protection against tumors. Combination therapy using ICB may have clinical benefits, but a major limitation remains its characteristic antigen loss. Particularly, it is known that ICB efficacy can be impaired by deleting neoantigens on tumors, which results in tumor progression ([@bib64]). In this study, using different MHC-restricted tumor-associated neoantigens simultaneously with mature DCs, we suggested that starting therapy using multiple neoantigen-peptide-pulsed DCs at early phase generates clinically relevant neoantigen-specific T cells before possible deletion and immune evasion.

Taken together, our findings provide tumor immunological evidence that the level of T cell responses to neoantigens and PD-L1 expression on tumor determine the positive and negative cancer immunity cycle, and therefore, may shape immunoediting during tumor occurrence, which must be optimally targeted for clinical responses. In addition, our results suggested that PD-L1-KO tumor cells may be useful in isolating neoantigen-specific T cells and that identified neoantigen vaccination could block immune escape, highlighting the recently refocused development in DC cancer vaccines against immune checkpoint ligand-expressing tumors ([Figure S9](#mmc1){ref-type="supplementary-material"}).

Limitation of the Study {#sec3.1}
-----------------------

In this study, we clarified the innate resistance roles of PD-L1-expressing tumor, which dampens tumor-specific CTLs responses including neoantigens. The fact that PD-L1-deficient tumors treated with anti-PD-1Ab plus anti-CTLA-4 Ab facilitated the neoantigens screen with higher sensitivity may indicate the usefulness of applicable DC-based vaccines. This approach may extend to the clinical application. However, in the current study, the identification of neoantigens were derived from *in vivo* studies in murine. There are still several problems to identify the neoantigens in human. We need to make new *in vitro* protocol or new method to use humanized mice for identification of neoantigens.
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